The coherent excitation of overlapping atomic states by ion projectiles has a strong effect on the angular distribution of Auger electrons. Therefore, the measurement of the angular anisotropy of outgoing Auger electrons is suitable for the quantitative studies of the influence of the coherence. In our experiment the Ne target was bombarded with 700-2000 keV H + and 2000 keV He + projectiles. The angular distributions of KL 2,3 -LLL 2,3 Auger electrons emitted from the decay of the coherently excited 1s2p doubly vacancy states of Ne were measured. The anisotropy parameter of the Auger decay was deduced from the measurements and compared with theoretical results calculated using the multiconfiguration Dirac-Fock method. The results indicate that one should go beyond the LS coupling scheme even at this relatively low atomic number element, but also suggest that only partially overlapping states need to be taken into account.
I. INTRODUCTION
Inner-shell ionization and excitation studies by photon and particle beams provided results about the Auger decay process in recent years. The energy, intensity, and angular anisotropy of the Auger-electron emission provides information both about the excitation process and the dynamics of the decay. Angular distribution and spin-polarization studies are sensitive to the finest details, even about coherently excited overlapping states [1] .
The angular anisotropy of the Auger-electron emission depends on many-electron effects, the coupling of spin and orbital angular momenta in the initial and final states, and dynamical effects like relaxation and final state channel interaction. It has long been pointed out [1] that coherent excitation of atomic states can lead to quantum-interference effects that strongly influence the structure and relaxation properties of these systems. Coherence between nondegenerate states are generally neglected in simple theories, although they can lead to effects like quantum beats in the time dependence of the photonic decay [2] or can modify the anisotropic angular distribution of the decay products [3] . In order to coherently excite nondegenerate levels some kind of a mixing should exist between the states. This can include Stark mixing in external electric fields [2, 4] , an induced electric moment by postcollision interaction [5] , and the lifetime broadening of nearby atomic levels [3] .
In the case of electron-or ion-induced excitation and ionization processes it has long been shown [6] that the orbital angular momentum can be treated as being decoupled from the spin and nuclear angular momenta. Therefore, the coherent excitation of overlapping states with the same angular momentum projections should be considered in these cases. Since the alteration of the angular distribution is an indication of such coherences, systems showing strong alignment in the excitation offer possibilities for their study.
A good candidate where coherence and correlation effects can be studied is the satellite Auger-electron emission following KL double ionization of Ne [7] [8] [9] [10] . The simultaneous 1s and 2p ionization of Ne has been studied both by electron [11] and heavy charged particle impact [10, [12] [13] [14] , observing basically no alignment in the former case and strong anisotropy in the latter. The strong anisotropy in the proton impact measurement of [10] allowed us to study the details of the double ionization process of Ne. The underlying reason for the strong alignment is the simultaneous creation of the 1s and 2p vacancies. Since the 1s state is closely localized around the nucleus the simultaneous collisional ionization of the 2p state preferentially happens to a specific magnetic state that is strongly localized along the beam direction [15] . Other processes, such as electron shake off after single 1s ionization, tend to diminish the net alignment; therefore, the Auger-electron anisotropy can provide details about the relative strength of the contributing processes [10] .
The role of coherence and correlation effects in affecting the angular distribution of these transitions has been analyzed by Kabachnik et al. [9] . The widths ͑⌫͒ of the individual initial double-vacancy states are usually the same magnitudes or larger than their energy splitting ͑͒. Therefore, the levels belonging to the same multiplet overlap strongly. Mehlhorn and Tauljberg [16] and Bruch and Klar [17] developed the general theory of the angular distribution of electrons from the decay of autoionizing states with an arbitrary ratio between the energy splitting of fine-structure levels and the natural level widths. Kabachnik and coworkers [9] suggested a modification to the general expression for the treatment of the angular distribution that is more convenient for relativistic calculations. Within the multiconfiguration Dirac-Fock (MCDF) approach they have calculated the energies, decay rates, and anisotropy parameters for all the KL-LLL satellite lines in Ne. It was found that the difference between the calculations based on the nonrelativistic LS coupling ͑⌫ӷ͒ and the MCDF method ͑⌫ = 0.2 eV, Ϸ 0.1 eV͒ was significant. However, the uncertainties of the experimental data [11, 14, 18] did not allow us to arrive at a definite conclusion at that time.
In the present work a series of high resolution and good statistics for the Ne KL-LLL Auger satellite spectra has been used to study the angular distribution properties of these lines. The experimentally determined angular distribution parameters have been accurate enough to analyze the rule of coherence effects. The energies and relative intensities of the satellite Auger lines were determined and compared with theories and with previous experimental data as well.
II. METHOD OF INVESTIGATION
The Auger decay mode is dominant over radiative channels for inner-shell vacancies of low atomic number elements. Therefore, to study the alignment of the 1s2p doublevacancy states in Ne we measured the angular distribution of KL-LLL satellite Auger electrons after ionization by H + and He + projectiles. Further argument for taking electron spectra is that a good separation of the neighboring satellite lines can be achieved due to the high energy resolution of electrostatic electron spectrometers.
The angular distribution of the intensity of the outgoing Auger electrons can be expressed as
where I 0 is the total Auger-electron intensity ejected into a unit solid angle, ⌰ is the angle of the ejected Auger electron relative to the beam direction, and P n is the nth order Legendre polynomial [19] . If one assumes that the ionization and the subsequent decay are independent processes the A n anisotropy parameters can be written as products [20] 
where the A n0 's are the alignment parameters of the initial state of the Auger decay and ␣ n 's are the angular anisotropy coefficients. This means that the angular distribution of Auger electrons depends on the alignment of the initial innershell vacancy states and on the particular Auger transition that fills them [20] . Figure 1 shows one of our measured Ne KL 2,3 -LLL 2,3 Auger spectra, recorded at 165°ob-servation angle with respect to the direction of a 2000 keV He + beam. The assignment of the Auger lines are the same as in Refs. [11, 18, 21] , which contain fairly complete identifications of these transitions.
In the general case the angular distribution of the Auger electrons can be described with Eq. (1). In the special case of the 1,3 P initial states only one anisotropy parameter, namely A 20 , can differ from zero [10] . Therefore, the angular distributions of the observed lines are
Based on this simple formula, we fitted the angular distribution of the spectral lines of the 1s 1 2s 2 2p 5 ͑ 1,3 P͒ → 1s 2 2s 2 2p 3 ͑ 2 P 2 D͒ transitions, and determined the angular anisotropy parameters of them. Our aim was to obtain the angular anisotropy coefficients of the individual lines. This could be done by dividing the anisotropy parameters with the alignment parameter of the initial states. Because the ionization is assumed to be spin independent, the A 20 parameter is the same for all the transitions considered. The experimental determination of the alignment parameter will be described in the following section. 
III. EXPERIMENTAL SETUP AND DATA EVALUATION
Our measurements were performed by the ESA-21 triple pass electrostatic electron spectrometer [22] . This facility was made to record the electron spectra at 13 different angles simultaneously relative to the projectile beam direction, in the angular range of 0°-180°with 15°increments. The Ne gas jet target was crossed by the beam of the bombarding H + and He + projectiles, which were produced by the 5-MV Van de Graaf accelerator of ATOMKI. The electrons produced in the collisions passed through the spectrometer and were detected by channel electron multipliers. In our investigations the projectile energy range was 700-2000 keV. The typical vacuum in the target region was about 4 ϫ 10 −5 and 5 ϫ 10 −7 mbar with and without a gas jet target, respectively. The pressure in the buffer container before the jet inlet was 40 mbar. The gas target was dense enough to obtain good Auger-electron intensity but was rare enough to maintain single-collision conditions. The numerous spectra (142 in total) have been analyzed using the EWA computer code developed by one of the authors [23] . We have shown earlier in [24] that the effect of the postcollision interaction (PCI) is not negligible even at these high projectile energies. In the fitting procedure we applied a five-parameter PCI line shape [25, 26] as it was described in detail in Ref. [24] . The Lorentzian widths (0.27 eV, [27] ) and the so-called asymmetry parameters for all the lines in a given spectrum were fixed and the widths of the Gaussian spectrometer functions ͑Ϸ0.55 eV͒ were proportional to the electron energy. The areas under the PCI shaped curves, that is the intensities of the Auger lines, were obtained from the fits at different observation angles. In the next step the lines were normalized to the isotropic 1s 1 2s 2 2p
This normalization removed the differences in the detection efficiencies and the geometrical factors at the different observation angles. Figure 2 shows the angular distributions of the examined lines after normalization.
To obtain the A 2 anisotropy parameters, the angular distribution of the normalized intensities was fitted by Eq. (3). To minimize the uncertainty of the fitting, the intensities at 0°were not taken into account. At 0°the interaction of the projectile and the outgoing electron can distort the angular distribution because of the so-called Coulomb-focusing effect [28] . This effect is especially pronounced at the resonant projectile energy (E p = 1473 keV, Fig. 2 ) where the velocity of the projectile is the same as the velocity of the outgoing Auger electron [24] .
As the alignments of the two multiplets 1 P and 3 P are the same for Ne (in LS and MCDF calculation [9] ), their common A 20 parameter can obtained from the anisotropy of a single transition with a known ␣ 2 parameter. In our case we used the 1s 1 2s 2 2p 5 ͑ 1 P͒ → 1s 2 2s 2 2p 3 ͑ 2 D͒ line to determine the A 20 parameter common to all the observed satellite transitions, because it is the most isolated line in the spectrum, and its ␣ 2 parameter has the exact value of ͱ2 / 2 in both LS and jj couplings. All other experimental ␣ 2 values were calculated using this A 20 parameter and are listed in Table III . The error bars in Table III and throughout the paper include statistical and fitting uncertainties.
IV. RESULTS AND DISCUSSION

A. Energies and intensities of the satellite transitions
The energies and intensities of the Ne KL-LLL Auger satellite lines have already been measured in several collision systems with different charged particle projectiles [11, 18, 21, [29] [30] [31] . In Table I our measured line energies are compared to the results of other high-resolution experiments performed with electron [11] and ion beams [18] together with the recent MCDF calculation results [9] . Our results were determined as the weighed means of the measured energies of the investigated lines in 142 different spectra. There is a general agreement between the measured line energies but not within the published error bars. This might be related to the different energy calibration procedures. In experiment [18] and also in the case of the MCDF calculation [9] the energy of the KL 2,3 L 2, 3 1 D diagram line was fixed to 804.50 eV. We also followed this procedure in our evalua- 1 D line is almost an order of magnitude larger than the error bars from counting statistics and fitting uncertainties. There is a rather big ͑2-3 eV͒ difference on the absolute energy scale between the MCDF calculation [9] and the experiments. The agreement is significantly better for the line separations.
Experimental and theoretical data for the relative yields of the same satellite lines are presented in Table II . There is a good agreement between experiments and theories. We note that, contrary to earlier expectations [32] , the relative intensities of the Auger satellite lines seem to be not sensitive to configuration interactions in the final ionic states. There is no significant difference between the LS and MCDF [9, 32] calculations for the relative yields.
B. Angular anisotropy coefficients
According to theoretical expectations [9] , the anisotropy of an Auger transition is sensitive to the fine details of the decay process. Measuring the angular distribution of Auger emission provides valuable information for the above details. The anisotropy is considerably sensitive to the overlap of different electronic states and to the coupling of the spin and the orbital angular momenta in the initial and final states of the Auger transition. Coherent excitation of overlapping atomic states can lead to interference effects [1] generally reducing the anisotropy of the subsequent Auger decay [33] . The first theoretical descriptions of the anisotropy of Ne KL-LLL satellite Auger transition were based purely on LS coupling ͑⌫ӷ͒, single-configuration Hartree-Fock calculations. These theories cannot describe the anisotropy of the Auger emission quantitatively [11, 14, 34] . More sophisticated descriptions account for spin-orbit interactions, and the fact that the widths of the individual initial double-vacancy states are often comparable or larger than their energy splitting ͑⌫ജ͒ [35] [36] [37] [38] [39] [40] . Later, Kabachnik and his co-workers [9] applied the relativistic MCDF method to treat the anisotropy of Auger emission from overlapping states. Experimentally so far only one measurement [14] has been devoted to study the problem. Since the difference between the nonrelativistic LS coupling and Kabachnik's MCDF calculations is smaller than the uncertainties of the experiment [14] , in the present work, we performed more accurate measurements with higher resolution.
The experimental angular anisotropy coefficients ͑␣ 2 ͒ have been determined from a large set of high-resolution spectra taken at different projectile energies and observational angles (Table III) . It can be seen from Table III and Fig. 3 that the ͑␣ 2 ͒ coefficients measured with different projectiles at different impact energies have about the same values. The only exception is the case of 2000 keV proton impact, where the small anisotropy values (see Fig. 2 ) cannot provide reliable ␣ 2 data at the present level of experimental accuracy. This observed impact energy independence indicates that our assumption for the separability of the excitation and the Auger decay processes is valid. The only sign of the nonseparability of the excitation and the decay processes is the already mentioned small Coulomb focusing effect at 0°F ig. 2. Accordingly we averaged the ͑␣ 2 ͒ coefficients due to different projectiles and impact energies for each individual transition. The averaged data compared with other experimental results [14] and different theoretical calculations [9, 14] are presented in Table IV and Fig. 3 .
There are three different sets of theoretical calculations presented in Fig. 3 . The first set is a single configuration nonrelativistic calculation in the LS coupling scheme ͑⌫ ӷ ͒ [14] . The second set of theoretical results has been calculated with coherently excited and partially overlapping (⌫ = 0.2 eV, Ϸ 0.1 eV) initial states using the MCDF method [9] . The third set is also a MCDF calculation performed in a pure jj coupling scheme ͑⌫Ӷ͒ [9] . In the following, the above three calculations will be denoted by the abbreviations "LS," "IM" (intermediate) and "jj," respectively. In the case of the 1s 1 2s 2 2p 5 ͑ 1 P͒ → 1s 2 2s 2 2p 3 ͑ 2 P͒ transition the difference between the LS ͑⌫ӷ͒ and the IM (⌫ = 0.2 eV, Ϸ 0.1 eV) calculations is less than the uncertainty of our present experimental result (Table IV and Fig. 3) (similarly to [14] (Table IV and Fig. 3 ).
The present experiments agree better with the results of the MCDF calculations performed in the intermediate and jj coupling schemes than those of the single configuration LS coupling calculations. This fact supports the conclusion that the spin orbit and the configuration interactions are not negligible for the studied transitions.
V. SUMMARY
We measured the energies, intensities, and the angular distributions of the 3 P-2 P, 3 P-2 D, and 1 P-2 P satellite Auger electrons from the Ne target. 500-2000 keV/ amu He + and H + ions were used as projectiles, and comparison was made with another experiment [14] and with theories [9, 14] .
From the angular distributions of the studied transitions we have determined the angular anisotropy coefficients ͑␣ 2 ͒ and shown that the accurate experimental investigation of the ␣ 2 is a suitable method for testing the different levels of theoretical description for the Auger decay. Solid line with gray area is the weighed mean of the experimental ␣ 2 coefficients and its sample standard deviation. The theoretical ␣ 2 coefficients within the framework of pure LS coupling ͑⌫ӷ͒ calculations [14] and MCDF method [IM coupling (⌫ = 0.2 eV, Ϸ 0.1 eV)] and jj coupling ͑⌫ Ӷ ͒ [9] are indicated in the figure. We found that pure LS coupling calculations could not reproduce the experimental anisotropy coefficients of Ne. The present experimental results are in better agreement with those calculations where the overlap between the fine structure component of the 3 P 0,1,2 double ionized state of Ne is supposed to be comparable (⌫ = 0.2 eV, Ϸ 0.1 eV [9] ) to or larger ͑⌫Ӷ͒ than their natural widths. The results suggest that mostly partially overlapping states need to be taken into account.
